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Cells have several mechanisms in place to return elevated free [Ca 2ϩ ] i to resting levels. These transport mechanisms may be located at the level of the plasma membrane or reside in the cytosol within organelles such as mitochondria and endoplasmic reticulum (ER). Ca 2ϩ -ATPases (Ca 2ϩ pumps) located at the plasma membrane (8) and ER (32) are primary active transport mechanisms capable of lowering [Ca 2ϩ ] i following a stimulus-induced increase and can also help maintain steady-state [Ca 2ϩ ] i levels (8, 20) . In addition, many animal cells contain a Na ϩ /Ca 2ϩ exchanger, which, depending on the sign of the electrochemical potential (driving force), can operate in the forward or reverse mode. In the forward mode, Ca i 2ϩ is extruded from the cell. In the reverse mode, the cell is loaded with Ca 2ϩ (3, 6) . Although regulation of [Ca 2ϩ ] i is important for normal cell functioning, its disregulation has been linked to cellular pathologies and even cell death (31) . For example, in some central nervous system (CNS) neurons, anoxia results in uncontrolled increases in [Ca 2ϩ ] i that, if unchecked, can eventually lead to cell death (29) . Because of the importance of [Ca 2ϩ ] i in neuronal health and disease, a relatively simple cell model system, one where [Ca 2ϩ ] i regulation can be studied fairly easily, is desirable.
N1E-115 neuroblastoma cells have been used for many years as a neuronal model system. They grow very easily and can be used in a variety of assays and cellular investigations. Like other CNS neurons, N1E-115 cells contain voltage-gated Na ϩ , K ϩ , and Ca 2ϩ channels (21, 24, 25) . In addition, these cells have also been used to investigate Ca 2ϩ signaling pathways (7, 23, 33 ] i elevation in Na ϩ -free media.
METHODS
Cell preparation. N1E-115 mouse neuroblastoma cells were purchased from the University of California, San Fran-cisco Cell Culture Facility. They were grown in Dulbecco's modified Eagle's medium (DMEM) high glucose without phenol red supplemented with 2 mM L-glutamine, 50 units penicillin/50 g streptomycin, 0.2 mM sodium hypoxanthine, 400 nM aminopterin plus 16 M thymidine (1ϫ HAT; GIBCO BRL, Rockville, MD), and 10% fetal bovine serum (FBS, Hyclone Laboratories, Logan, UT) at 37°C in a humidified atmosphere of 5% CO 2. The cells were split 1:3 twice a week and were plated on glass coverslips up to 2 days before use. Data are expressed as means Ϯ SE where applicable. Statistical significance was tested, where appropriate, using a paired or unpaired t-test. To determine significance between control and experimental groups, a one-way analysis of variance (one-way ANOVA) followed by Dunnnett's test was performed. Where stated, n is the number of experiments performed.
Solutions. HEPES Ringer contained (in mM) 120 NaCl, 10 glucose, 10 HEPES, 5 KCl, 1.2 CaCl 2, 0.6 MgCl2, and 12 Na-cyclamate. pH was adjusted to 7.40 at 37°C with NaOH, and the osmolarity was adjusted to 291-294 mosM. Na ϩ -free solutions were prepared by isosmotic replacement of NaCl with K ϩ or N-methyl-D-glucamine (NMDG) salts of Cl. All chemicals were purchased from Sigma Chemical (St. Louis, MO) unless indicated otherwise.
Intracellular Ca 2ϩ measurements. Fura 2-AM (5 mM) was mixed at a 1:1 ratio with 20% Pluronic in DMSO (Molecular Probes, Eugene, OR). This mixture was added to HEPES Ringer to a final concentration of 5 M fura 2-AM (loading solution). The coverslips with adhering N1E-115 cells were placed in the loading solution for 45-60 min at 37°C. After loading, the cells were washed with fura-free HEPES Ringer.
[Ca 2ϩ ]i measurements were made by using either a microscope-based imaging system with an intensified charge-coupled device (CCD) camera or a microscope-based photon counting system with a photomultiplier tube (Photon Technology International, Monmouth Junction, NJ). Coverslips were mounted in a chamber (Warner Instrument, Hamden, CT) and perfused at 37°C with the appropriate Ringer. As a result of the dead space in our perfusion system, there was a 60-to 90-s delay from the time a solution was changed to the time it reached the chamber in all experiments. The samples were excited at wavelengths of 340 and 380 nm, and the resulting emissions were band-pass filtered at 490-530 nm.
The methods used to estimate [Ca 2ϩ ]i employing fura 2 ratio fluorescence were described previously (13) . Briefly, fura 2 was calibrated by using the Ca 2ϩ ionophore ionomycin (10 M; Calbiochem, San Diego, CA); a Ca 2ϩ -free buffer containing 2.0 mM EGTA was used to deplete the cells of Ca i 2ϩ and thus obtain the minimum signal (Rmin). The same cells were then perfused with a 10 mM Ca 2ϩ buffer to saturate the fura 2 dye and obtain a maximum signal (Rmax). To obtain background fluorescence, 5 mM manganese was used to quench the dye. Values of Kd, Rmax, and Rmin were 224 nM, 10.8, and 0.42, respectively.
Intracellular Na ϩ measurements. Sodium-binding benzofuran isophthalate-acetoxymethyl ester (5 mM, SBFI-AM; Molecular Probes) was mixed at a 1:1 ratio with 20% Pluronic in DMSO. This mixture was added to HEPES Ringer for a final concentration of 7 M SBFI-AM (loading solution). The coverslips with adhering N1E-115 cells were placed in the loading solution for 60-80 min at 37°C. After loading, the cells were washed with SBFI-free HEPES Ringer.
The [Na ϩ ]i measurements were made by using a microscope-based imaging system with an intensified CCD camera from Photon Technology International. The coverslips were mounted in a chamber to allow perfusion at 37°C (Warner Instrument). The samples were excited at wavelengths of 345 and 380 nm. A band-pass filter of 490-530 nm determined the emission.
The methods used to estimate [Na ϩ ]i by employing SBFI ratio fluorescence were described previously (35) . Briefly, SBFI was calibrated by using the cation ionophores monensin (1 M), nigericin (5 M), and gramicidin (1 M) in HEPES buffers containing either 0, 25, or 50 mM Na ϩ (balancing cation K ϩ ). Plotting fluorescence ratio vs. [Na ϩ ] generated a calibration curve. Digitonin (0.33 mg/ml) was used to determine background fluorescence and dye compartmentalization.
Membrane potential measurements. Changes in the membrane potential (E m) were made by using the voltage-sensitive fluorescent anionic dye bis-(1,3-diethylthiobarbituric acid) trimethine oxonol (bis-oxonol; Molecular Probes). Bisoxonol partitions into the cell membrane as a Nernstian function of the membrane potential. After depolarization, bis-oxonol enters the membrane and the fluorescence intensity increases. After membrane hyperpolarization, dye leaves the cell and fluorescence intensity decreases (1, 26) .
A cell preparation for E m experiments was established as follows: cells were removed from their culture flasks and counted by using trypan blue (Sigma) exclusion to assess viability, which was typically 15-25% dead cells. The cells were divided into aliquots of ϳ0.42 ϫ 10 6 living cells per sample, and these were stored on ice for a minimum of 30 min. The pellets were resuspended in 3 ml of HEPES Ringer (37°C) for 10 min in a cuvette before an experiment. Bisoxonol (30 nM) was added 2 min before the beginning of the run to allow for equilibration. Measurements were made by using an LS-50B spectrofluorometer (Perkin Elmer, Norwalk, CT) at an excitation of 540 nm (Ϯ10-nm slit widths) and emission at 580 nm (Ϯ5.0-nm slit widths).
Calibration of bis-oxonol was performed as described by Grinstein et al. (12) . Calibration solutions were made by substituting Ringer Na ϩ with NMDG. Cells were resuspended in a cuvette containing Ringer with Na ϩ ranging from 0 to 140 mM and were subsequently exposed to 0.5 M gramicidin. After gramicidin addition, intensity was measured for 2-3 min. Because gramicidin is a nonselective monovalent cation ionophore, permeable to both Na ϩ and K ϩ but not to NMDG, the monovalent cation ratio determines the membrane potential.
The following equation was used to calculate E m at each extracellular Na
, where i and o denote the intra-and extracellular compartments, respectively. It was assumed that [cation] i Ϸ 145 mM. Plotting the intensity for each sample against its calculated Em then generated a calibration curve, which was linear to approximately Ϫ75 mV. The equation of this curve allowed the conversion of intensity units to millivolts (see Fig. 2B ).
RESULTS

Regulation following Ca
2ϩ loading. Regulation of [Ca 2ϩ ] i in fura 2-loaded N1E-115 cells was investigated following release of Ca 2ϩ from intracellular stores and mitochondria by using 1 M thapsigargin and 10 M carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP), respectively (Fig. 1A) . These two compounds allowed sequestered Ca i 2ϩ to flood into the cytoplasm and also prevented the Ca 2ϩ from reloading into the intracellular stores (10) . After perfusion of 1 M thapsigargin and 10 M FCCP, [Ca cells, n ϭ 15) and relaxed toward control levels in ϳ5 min. However, in the absence of extracellular Na ] i in a sustained manner. This maneuver should optimize the chances for detecting the electrogenicity of the exchanger.
Addition of 1 M ionomycin to the cell suspension caused an increase in fluorescence corresponding to a depolarization of ϳ25 mV. The ionomycin-induced depolarization was reduced by ϳ80% by the absence of Na ϩ in the media and was also blocked by 5 mM Ni 2ϩ ( Fig. 2A ). In addition, 1 M tetrodotoxin (TTX), an inhibitor of voltage-gated Na ϩ channels, had no effect on the depolarization (Table 1) , nor did removal of chloride from the media (data not shown). Furthermore, the removal of Ca 2ϩ from the extracellular media completely inhibited the depolarization, indicating that it was dependent on Ca 2ϩ entering the cell. Benzamil (250-500 M), a Na ϩ /Ca 2ϩ exchange inhibitor (16) , also blocked the ionomycin-induced depolarization (Table 1) .
In addition, removal of Na o ϩ before 1 M ionomycin addition resulted in an ϳ25-mV hyperpolarization ( Fig. 2A) there was no increase (Ϫ0.2 Ϯ 2.6 mM, n ϭ 3; P Ͻ 0.05, see Fig. 3 ). These observations are consistent with the continuous operation of the Na . Figure 4B shows that, after recovery of the [Ca 2ϩ ] i increase induced by 1 M thapsigargin and 10 Values are means Ϯ SE unless otherwise indicated; n, no. of experiments. N1E-115 cells were suspended in a HEPES Ringer containing 30 nM bis-oxonol. Percent inhibition is the inhibition of the depolarization induced by 1 M ionomycin. NMDG (0 Na), Na ϩ was isosmotically replaced with N-methyl-D-glucamine (NMDG). EGTA (0 Ca), 0.5 mM EGTA was added to a Ca 2ϩ -free buffer. To determine statistical significance between all data groups a one-way ANOVA was performed yielding a P value Ͻ0.001. To determine if the specific experimental groups were different from control (1 M ionomycin), a one-tailed Dunnett's test was utilized. * Value obtained for a given experimental condition was significantly different from control (P Ͻ 0.05). NS, no statistical significant difference. (Fig. 4A) . Such intracellular buffers were therefore able to keep pace with the influx of Ca 2ϩ via the exchanger following Na o ϩ removal. However, it is possible that the putative Na ϩ /Ca 2ϩ exchanger was not running at maximum velocity because of insufficient concentration of a kinetic modulator. For example, [Na ϩ ] i is known to modulate the reverse mode of the Na ϩ /Ca 2ϩ exchanger with a K1⁄2 of ϳ25-60 mM (28) .
To test this hypothesis, neuroblastoma cells were loaded with Na ϩ by using the voltage-gated Na ϩ channel activator veratridine (100 M) and scorpion venom (4 g/ml, Leiurus quinquestriatus from North Africa), a toxin that prevents Na ϩ channels from inactivating (5). To prevent net efflux of Na i ϩ via active transport, ouabain (100 M), which poisons the Na ϩ -K ϩ -ATPase, was also added. This treatment increased [Na ϩ ] i from 11.5 Ϯ 1.4 mM (188 cells, n ϭ 11) to 25.8 Ϯ 2.1 mM (18 cells, n ϭ 3) as measured using SBFI (not shown) and was statistically significant (P Ͻ 0.
01, unpaired t-test).
The increase in [Ca 2ϩ ] i following the removal of Na o ϩ in Na ϩ -loaded cells was transient (Fig. 5A ). This [Ca 2ϩ ] i increase (ϳ4-to 6-fold over resting level) peaked at 410.5 Ϯ 95.4 nM (43 cells, n ϭ 4) and was inhibited by 5 mM Ni 2ϩ (Fig. 5B) but not by 1 M TTX (Fig. 5C) i. Fura 2-loaded N1E-115 cells were perfused with control HEPES buffer and then were exposed to a solution containing 100 M veratridine (Verat), 4 g/ml scorpion venom (SV), and 100 M ouabain (Ouab). This solution was used to load the cells with Na ϩ in A-C. A: after 5 min of Na ϩ loading, the perfusate was changed to a Na ϩ -free (NMDG replacement) buffer containing 100 M ouabain. After an additional 5 min, Na ϩ was returned to the media. The curve was generated by data averaged from 6 cells and is representative of 4 experiments. B: Ni 2ϩ blocked the [Ca 2ϩ ]i increase. After 5 min of Na ϩ -loading, the perfusate was changed to a Na ϩ -free (NMDG replacement) buffer with 100 M ouabain. For the first 5 min, the buffer also contained 5 mM NiCl2. After the 5 min, the Ni 2ϩ was washed out. At the end of the experiment, the medium was changed to one containing Na ϩ (average response from 7 cells). Data are representative of 4 similar experiments. C: Ca 2ϩ does not move into the cell through the Na ϩ channels. After 5 min of Na ϩ loading, Na ϩ was isosmotically replaced with NMDG and 1 M TTX was added to the perfusate. At the end of the experiment, the medium was changed to one containing Na ϩ (average response from 12 cells). Data are representative of 5 similar experiments. Fig. 6 . A: effect of Na i ϩ loading and decreased Ca 2ϩ buffer capacity on the reverse mode of Na ϩ /Ca 2ϩ exchange. Fura 2-loaded N1E-115 cells were perfused with control HEPES buffer and then were exposed to 1 M thapsigargin and 10 M FCCP to compromise the Ca 2ϩ buffer capacity. After 4 min the cells were loaded with Na ϩ by using 100 M veratridine, 4 g/ml scorpion venom, and 100 M ouabain. After 6 min of Na ϩ loading, Na ϩ was removed from the medium (isosmotically replaced with NMDG). At the end of the experiment, the medium was changed to one containing Na ϩ . B: part of the recovery was Na ϩ dependent. The scale has been magnified and starts 4 min into the Na ϩ load after the Ca 2ϩ buffer capacity has been reduced (average response from 12 cells and representative of 3 similar experiments).
However, compared with the peak increase in [Ca 2ϩ ] i shown in Fig. 5A where cells were simply loaded with Na ϩ (ϳ400 nM), the increase was not significant, as indicated by the relatively large SE. Again, a significant portion of the [Ca 2ϩ ] i increase recovered in the absence of Na o ϩ , indicating the presence of a Na ϩ -independent Ca 2ϩ regulatory mechanism. Although significant, the recovery in Na ϩ -free media was not complete because [Ca 2ϩ ] i remained elevated. This sustained phase of the [Ca 2ϩ ] i increase (144 Ϯ 11 nM; 47 cells, n ϭ 3) was significantly greater than resting level (P Ͻ 0.05, paired t-test) and Na o ϩ dependent because introduction of Na o ϩ into the bath reduced [Ca 2ϩ ] i to control levels (See Fig. 6B ).
DISCUSSION
Under normal physiological conditions, the Na ϩ / Ca 2ϩ exchanger runs in the forward direction, extruding one Ca 2ϩ for three Na ϩ taken in (3 ] i recovery was presumably achieved through extrusion mechanisms. The restoration of [Ca 2ϩ ] i to control level following its elevation with FCCP and thapsigargin was exclusively Na o ϩ dependent (Fig. 1A) . Consistent with a Na ϩ /Ca 2ϩ exchanger, the rate of recovery was slowed by 5 mM Ni 2ϩ and blocked by replacing Na o ϩ with NMDG (Fig. 1B) ] i elevation in response to thapsigargin/ FCCP. In support of this notion, it has been shown that the Ca 2ϩ -gated K ϩ channel in N1E-115 cells is only expressed following differentiation using DMSO (27) .
Effect of ionomycin on membrane potential. Because the Na ϩ /Ca 2ϩ exchanger has been reported to be electrogenic (3), operation of the exchanger is expected to result in current flow across the cell membrane. In addition, depending on the relative conductance of the exchanger, a measurable change in membrane potential may also occur. When [Ca 2ϩ ] i was raised by using 1 M ionomycin, the membrane potential depolarized by ϳ27 mV. In the absence of Ca o 2ϩ there was no depolarization, which indicates the necessity for Ca 2ϩ to enter the cell for the depolarization to occur. The ionomycin-induced depolarization was Na o ϩ dependent and inhibited by 5 mM Ni 2ϩ and 250-500 M benzamil ( Table 1 ). The depolarization was not blocked by 1 M TTX, ruling out a Na ϩ channel contribution. These results suggest that depolarization was most likely mediated by the Na ϩ /Ca 2ϩ exchanger. After Na o ϩ removal, E m went from approximately Ϫ60 mV to Ϫ85 mV (at t ϭ 0 min, see Fig. 2A ) and then slowly drifted upward. In normal Na o ϩ , E m did not depolarize over time. Thus the cells hyperpolarize by as much as 25 mV following Na o ϩ removal. The upward drift in E m in Na ϩ -free Ringer is not understood. One possibility is that removal of Na ϩ acidifies the cells via reverse Na ϩ /H ϩ exchange and that this decrease in pH blocks a K ϩ conductance (34) . On addition of ionomycin in Na ϩ -free Ringer, the linear increase in E m was halted and, in fact, there was a slight hyperpolarization. Two factors may be responsible for this small effect on E m following ionomycin addition in Na ϩ -free media. First, the secondary depolarization in Na ϩ -free Ringer following the initial hyperpolarization (see Fig.  2A ) would tend to offset the ionomycin-induced hyperpolarization. Second, after Na o ϩ removal, intracellular Na ϩ (10-15 mM) drops precipitously within 1-2 min to a few millimoles per liter (data not shown). Thus, when ionomycin was added some minutes after the cells were in Na ϩ -free Ringer, [Na ϩ ] i most likely was greatly reduced, and this would tend to reduce the large expected ionomycin-induced hyperpolarization.
In any event, N1E-115 cells do, in fact, hyperpolarize following Na ϩ removal as expected for reversal of a Na ϩ /Ca 2ϩ exchange mechanism. However, without knowing the relative conductances of all current-generating/electrogenic mechanisms in these cells, there is no way a priori to predict what the magnitude of the hyperpolarization should be.
Detection of the forward mode of the Na (Fig. 7) . Under our experimental conditions (see Fig. 7 legend), driving force calculations show that the exchanger will reverse when [Na ϩ ] i reaches ϳ20 mM and/or when E m depolarizes to Ϫ15 mV (Fig. 7) . Because both [Na ϩ ] i increases and E m depolarizes following ionomycin addition, the increase in [Na ϩ ] i was, as expected, short lived (Fig. 3) ] i increased, transiently peaking to ϳ410 nM (Fig. 5A) . Comparing Fig. 4A with Fig. 5A increases shown in Fig. 5, A and B, and this may explain why regulation is so rapid in the above experiments despite the absence of media Na ϩ . Because the stimulatory effect of elevating [Na ϩ ] i allows the Na ϩ /Ca 2ϩ exchanger to exceed the cells' Ca 2ϩ buffer capacity, one would predict that reducing the buffer capacity and kinetically stimulating the exchanger would also yield a large [Ca 2ϩ ] i increase. Figure 6 shows when bath Na ϩ was removed following FCCP/thapsigargin and veratridine/scorpion toxin treatments, [Ca 2ϩ ] i increased to a peak value that was significantly greater than that following FCCP/thapsigargin treatment alone (P Ͻ 0.05). Here again, there was a significant recovery in the absence of Na o ϩ . However, there was also a significant sustained increase of ϳ90 nM above baseline [Ca 2ϩ ] i (see Fig. 5C ). 
